Ascent flight control of the X-33 is performed using two XRS-2200 linear aerospike engines, in addition to aerosurfaces.
I. Introduction
Attitude control for the X-33 depends primarily on its two linear aerospike engines lbr ascent flight. Aerosurfaces are effective only during regions of flight with sufficient dynamic pressure, therefore the engines must pro_ lde all attitude control at liftoff, and the majority of the control at high altitudes. Ascent is quite demanding of the Ascent Flight Control System, or AFCS, due to the many trajectory requirements, operating constraints for the engines and areosurfaces, and the presence of high winds at the launch site. A thorough expose of the baseline X-33 attitude control system and description of the flight profile may be found in [13] . A description of the operation and control of the XRS-2200 linear aerospike engine may also be found in this reference.
The baseline AFCS, employs a variable structure A SMC design consists of two major steps: (1) a sliding surface is designed such that the system motion on this surface exhibits desired behavior in the presence of plant uncertainties and disturbances; and (2) a control function is designed that causes the system state to reach the sliding surface in finite time and guarantees system motion in this surface thereafter. The system's motion on the sliding surface is called sliding mode. 
The X-33 orientation dynamics are described by the kinematics equation on the body axes 
The equations of the X-33 translational motion are available as well 9 but not presented in the paper, because they do not effect the orientation angle controller design. However, these equations are used during 6DOF high fidelity simulations to assess performance of the designed sliding mode controller.
The control torque T is generated by the aerodynamic surfaces and rocket engines. This is described by the equation 
The actuator dynamics are assumed to be much faster than the dynamics of the compensated X-33 flight control system that permits to assume _ ---_c"
The "'fast" actuator dynamics are neglected at the stage of the controller design. Thev will be used during simulations to validate the designed controller.
Taking into account possible engine failures, the actual sensitivity matrix must be rewritten. This is (5a) and (5c) the control torque in eq. (5) must be recalculated as 
?' = R(y)to, 
The desired X-33 performance criteria is to robustly track both the commanded Euler angle guidance profiles Yc and the real-time generated angular rate profiles O)c , such that the motion for each quantity is described by a linear, de-coupled, and homogeneous vector valued differential equations with given eigenvalues.
Sliding Mode Controller Design
Tracking of the commanded Euler angles guidance profile Yc (the primary objective) is achieved through a two loop SMC smacture 9. The cascade structure of the system in eq. (7) and the inherent two time scale nature of the X-33 flight control problem are exploited for design of a two loop flight control system using continuous SMCs in the inner and outer loops. The outer loop SMC provides angular rate commands COtotheinner loop. Theinner loopSMCprovides robust decoupled tracking ofangular rates _:0. Together, the inner andouter loopSMCs formatxvo loopflight control system thatachieves de-coupled asymptotic tracking ofthecommand angle guidance profiley,. Similar structure v, asdeveloped foranaircraft control system using adynamic reversion algorithm. which, ho_vever, does notexhibit ver,v robust behavtor.
Outer Loop Sliding Mode Controller Design
The outer loop SMC takes the X-33 angular rate vector to as a virtual control to,. and uses the kinematics eq. (7b) to a sliding surface of the form 
The outer loop SMC design is initiated by choosing a candidate Lyapunov function of the form
whose derivative is shown as
To ensure asymptotic stability' of the origin of the system in eq. (10). the following derivative inequality of the candidate Lyapunov function is enforced TM
Considering eq. (13), the required angular rate command toc to ensure asymptotic stability is defined as
where
and p > 0.
The sliding surface shown in eq. (9) will reach zero in a finite time _a defined as t r = max It:r'(0)1
where p >0, and t, is the design parameter describing the sliding surface reaching time. The value of p is calculated using eq. (15).
The angular rate command profile in eq. (14) is discontinuous; as a result, the control actuation will chatter during system operation on the sliding surface eq. (9). Mechanically and electrically, this chattering is an unwanted effect. Moreover, a discontinuous profile cannot be accurately tracked in the inner loop.
To solve this problem, the discontinuous term (SIGN(or) ) in eq. (14) is replaced by the high-gain 
Eq. (17) is globally asymptotically stable, since 19 > 0 and K o is positive definite, and the equilibrium Cr = 0 will be reached asymptotically.
Moreover, in a close vicinity of G = O, Vi = 1,3, the tracking error )/e will exhibit de-coupled motion in accordance with eq. (9).
Inner Loop Sliding Mode Controller Design
The purpose of the inner loop SMC is to generate the vehicle torque command vector T necessary to track the given commanded angular rate profile fo. In addition to solving the inner loop tracking problem defined as
SMC causes the system to exhibit linear decoupled motion in sliding mode. 
2 whose derivative is shown as
To ensure asymptotic stability of the origin of the system eq. (20), the following derivative of the Lyapunov function candidate is enforced t4
Further, the sliding surface eq. (19) will reach zero in a finite time _4 defined by z r _<max' ' IS' (0)1, (24) ie [l,31 T] where/7 > 0, and _'r is the design parameter describing the sliding surface reaching time. The value of /7 is calculated using inequality (24). 
Considering inequality 123
we can re_,Tite eq. (26) as follows:
Inequality (28) is rewritten to enforce inequality (23) after selecting t./ > ,,_. This is.
The value of parameter /_ is identified in accordance with inequality (29) 
where ia,{
bythefirstthree equations in eqs. (36)arebounded withboundary widths proportional to (: Vi = 1,3. The command profiles O) and T are generated by the outer and inner loop SMCs in eqs. (14), (16) and (31). The deflection command vector _. is calculated in eq. (6) and executed by the actuators, whose dynamics are contained in high fidelity models used in the simulations.
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